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Battery and fuel cell simulations commonly assume that electrodes are macro-homogeneous and
isotropic. These simulations have been used to successfully model performance, but give little insight
into predicting failure. In Li-ion battery electrodes, it is understood that local tortuosity impacts charging
rates, which may cause increased degradation. This report describes a novel approach to quantifying
tortuosity based on a heat transfer analogy applied to X-ray microscopy data of a commercially available
LiFePO4 electrode. This combination of X-ray imaging and image-based simulation reveals the micro-
scopic performance of the electrode; notably, the tortuosity was observed to vary signiﬁcantly depending
on the direction considered, which suggests that tortuosity might best be quantiﬁed using vectors rather
than scalars.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.g).
r B.V. Open access under CC BY license1. Introduction
Many simulation techniques treat Li battery electrodes as
macro-homogeneous and isotropic, using a few scalar parameters,
such as porosity and conductivity, to represent the internal struc-
ture [1]. Recent advances in tomography techniques have allowed.
Fig. 1. A 2D illustration of a tortuous path through a porous network.
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cell electrodes [2] to be captured in 3D and, therefore, used to
establish the validity of these assumptions for working battery
electrode systems. These experimental developments are sum-
marised in a number of recent review papers [2e4] and have found
increasing application to the exploration of the complex porous
media characteristic of Li battery electrodes.
The most widely used 3D imaging techniques for applications in
Li battery research are FIBeSEM tomography [5e7] and X-ray mi-
cro- and nano-computed tomography [8e12]. Of these techniques,
we have focussed on the application of laboratory and synchrotron
X-ray techniques, which demonstrate multi-length scale capabil-
ities [8,13] and afford the non-destructive capability to explore
processes of microstructural evolution over time.
LiFePO4 (LFP) has attracted signiﬁcant attention in recent years
as a safe and economical alternative to LiCoO2. First proposed by
Huang and Goodenough [11], the bulk material does not exhibit
sufﬁcient electrical conductivity to function as a viable cathode
material. However, recent nano-structuring of LiFePO4 has pro-
vided conductivity improvements and increased its viability for
commercial development. It is therefore by nature, a challenging
material to image, owing to characteristically small feature size
commensurate with the required conductivity improvements. The
high resolution (typically <100 nm) required to accurately capture
this structure has meant that, to date, 3D imaging has been con-
ducted using FIBeSEM techniques, where sufﬁcient resolution and
contrast have been achieved to discriminate between the active
material, binder and pore phases. Here we present, to the authors’
knowledge, the ﬁrst study of the 3D microstructure of a LiFePO4
electrode conducted using synchrotron X-ray microscopy. We have
subsequently utilised the 3D microstructure as a basis for image
based modelling of transport within the complex porous structure,
providing an insight into the microscopic properties of these de-
vices as well as a tool through which we can establish and explore
the effects of local microstructural heterogeneity.
In this paper, we ﬁrst, brieﬂy, introduce the necessary theory
associated with diffusion in complex porous media before applying
computational ﬂuid dynamics (CFD) tools to characterise the tor-
tuosity of these working electrodes, based on the analysis of a
commercially available electrode.
2. Background theory
In complex porous media, two phenomena can be considered to
govern the rate of diffusion. The continuumdescription provided by
Fick’s law, assumes that the primary mechanism of diffusion is
associated with moleculeemolecule collisions as species are
transported down to a concentration gradient. With decreasing
pore size, the likelihood of moleculeewall collisions is increased e
this is indicated by the Knudsen number, which is deﬁned as the
ratio of a characteristic pore length scale to the mean free path of
the diffusing species. As the Knudsen number (Kn) approaches
unity, the continuum Fickian description becomes limited in its
ability to accurately describe the diffusion phenomena and we
must instead consider a statistical description of the diffusion
process [12].
Ionic diffusion in Li-ion batteries is typically considered to
behave according to Fick’s law with negligible contributions from
Knudsen effects e in this case, the form of Fick’s law most widely
used, accounting for the porosity and tortuosity of the porous
media, is given by Eq. (1), which relates the ﬂux (F) to the diffusivity
(D) and the concentration gradient ðV4Þ.
F ¼ D ε
s
Vf (1)In this equation, both porosity, ε, and tortuosity, s, are dimen-
sionless parameters that account for obstruction to diffusion by
porous networks e geometrically, the tortuosity is considered as
the ratio of the distance a molecule travels through the twisted
pore network (Dl) to the overall thickness (Dx). A two-dimensional
simpliﬁcation is presented in Fig. 1; however, translating this
deﬁnition to a three-dimensional (3D) structure is non-trivial.
This deﬁnition of tortuosity can be extended to deﬁne an
effective diffusion parameter, Deff, via Eq. (2), where D is the
intrinsic diffusivity, usually found empirically [14].
Deff ¼ D
ε
s
(2)
In this form, the tortuosity is used to quantify the resistance to
diffusion caused by the convolution of the pore network. In general,
the values used for this purpose are taken from one of many
porosityetortuosity correlations, rather than being measured from
the speciﬁc sample being considered; the most widely used of
which is the Bruggeman correlation [5,14e16]:
s ¼ ε1m (3)
The value of m that is usually assumed for battery models is 1.5
[14]; however, it is important to note that Bruggeman only used
this value to describe the tortuosity of a speciﬁc structure con-
taining dispersed spherical obstructions to diffusion [17,18]. Clearly,
this single class of structure cannot accurately describe the diverse
reality of porous electrode structures. A detailed discussion of this
is beyond the scope of this paper (see e.g. Shen et al. [19]); however,
there are two requirements of tortuosity which must be satisﬁed
for any arbitrary structure [20]. Firstly, tortuosity must always be
greater than or equal to one, as otherwise it would represent an
augmentation of the diffusivity, Eq. (4). Secondly, as porosity tends
to 100%, the tortuosity tends to one, because the properties of the
system must be entirely described by the bulk properties of the
material Eq. (5).
s  1 (4)
lim
ε/1
ðsÞ ¼ 1 (5)
It is also worth noting that based on the deﬁnition of tortuosity
in Eq. (1), for a systemwith ε  0 that is unconnected (i.e. does not
conduct at all), s ¼N.
The analogy between mass, heat, and momentum transport is
well established [21]. Eq. (6) is a modiﬁed form of the heat transfer
equation (analogous to Eq. (1)) where Qpore is the heat transfer; k is
the thermal conductivity; ε is the porosity; A is the area of the face
normal to the direction of heat transfer; DT is the imposed tem-
perature difference between two parallel faces; L is the length of
Fig. 2. (a) Representation of stacked .tiff ﬁles after threshold segmentation; (b) pore
network of LFP electrode after reconstruction and segmentation.
Fig. 3. (a) Initial surface, (b) surface after Boolean subtraction, (c) remeshed surface
and (d) polyhedral volume mesh of pore phase.
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of the conduction path. The ratio of ε to s is called the “obstruction
factor” [22] and it represents the resistance to heat conduction of
an otherwise uniform and fully dense material.
Qpore ¼ Ak εs
DT
L
(6)
Modelling the transport of mass through porous media is a
commonly encountered problem in engineering and, as shown by
Zalc et al. [23], the tortuosity of a pore network is independent of
the diffusion mechanism. Whilst Knudsen diffusion is not consid-
ered relevant in the case of ionic transport in Li-ion batteries, in
order to maintain generality of the model, a heat transfer analogue
has been used to calculate the pore network tortuosity here. Within
the heat transfer analogy, the dimensions of the system (i.e. the
sample volume) are arbitrary and so the continuous nature of the
hypothetical heat conducting medium at any scale can be assumed.
The heat transfer analogy treats the pores as a solid material
with a thermal conductivity of unity and adiabatic surfaces. The
temperatures at two parallel faces of the control volume considered
are held constant with a known temperature difference. The
remaining external faces of the control volume are treated as
adiabatic surfaces.
The thermal conductivity, k, need not bear any relation to the
actual material being studied and was set to unity for all models
described for simplicity of interpretation. This is made clear in Eq.
(8) where the k terms have cancelled. The cross-sectional area of
the control volume, A, is calculated for a face normal to the direc-
tion of heat transfer and the conduction length, L, is the thickness in
the direction of heat transfer; it is worth noting that all control
volumes described in this report are cubic. The imposed tempera-
ture difference, DT, is arbitrary and for the sake of convenience was
set to 100 K. The porosity, ε, is deﬁned as the volume of the pore
network divided by the control volume. It is important to note that
the value of the porosity includes those pores that are unconnected
to the system and, therefore, cannot conduct. Porosity is often
measured experimentally by high pressure ﬂuid intrusion, which
cannot detect unconnected pores [24,25]; however, by utilising the
direct imaging method of XRM, these pores are detected. The tor-
tuosity, s, quantiﬁes the degree of resistance to heat transfer caused
by the convolution of the pore network and, by this deﬁnition,
accounts for the apparent loss in conduction caused by uncon-
nected pore volume.
In order to calculate the tortuosity, the heat transfer measured
through the pore network must be compared to that conducted
through a uniform, fully dense samplewith the same dimensions as
the control volume. This can be found using Eq. (7), where QCV is
the heat transfer through the control volume and the other vari-
ables have the same meaning as Eq. (6).
QCV ¼ Ak
DT
L
(7)
Dividing Eq. (6) by Eq. (7) yields Eq. (8), which can be rearranged
to the form shown is Eq. (9) and used to calculate the tortuosity
from the porosity and the heat transfer rates.
Qpore
QCV
¼ ε
s
(8)
s ¼ ε QCV
Qpore
(9)
The deﬁnition of tortuosity employed in this work is consis-
tent with that adopted by Kehrwald et al. [18] as well as manyothers [23,26e28]. However, care must be taken to avoid confu-
sion with the deﬁnition used by Shen and Chen [19] and others
[29e31], who use s2 in place of s. It should also be noted that the
ﬁnal equation used for the determination of tortuosity, Eq. (9),
does not contain parameters relating to the heat transfer analogy,
such as the temperature difference or thermal conductivity other
Fig. 4. Heat transfer through (a) the entire LFP sample and (b) small region of the LFP
sample used in mesh reﬁnement study.
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expectations.
3. Methods
3.1. X-ray characterisation
A commercially available LiFePO4 cathode, manufactured by
Hydro Quebec, was used as the basis for the study. The electrode
was obtained in a fresh state (i.e. before incorporation into a bat-
tery) and a small section of the electrode sheet was cut using a
sharp blade, to form a point which matched the ﬁeld of view of the
X-ray microscope (see Refs. [32,33]).
The sample was characterised using the Xradia nanoXCT-S100
system installed on beamline 6-2 at the Stanford Synchrotron Ra-
diation Lightsource [34]. The Xradia XMController software was
used to collect 721 projection radiographs over a 180 rotation
angle range, using an individual exposure time of 1 s per radio-
graph. A photon energy of 7120 eV was used for the exposures and
images were collected on a 1024  1024 pixel CCD detector with an
effective pixel size of 20 nm. After image acquisition, the resulting
rotational series was reconstructed using a ﬁltered back projection
algorithm integrated into the Xradia XMReconstructor software
package, which subsequently produced a stack of 907 virtual slices
with 20 nm cubic voxels. Imaging details are summarised in Table 1.
The projection images were reconstructed using a standard
parallel beam back projection algorithm (Xradia Reconstructor) to
obtain the grey-scale image stack, where each image is a 2D slice
through the sample. Analysis and binarisation of the images wasTable 1
Summary of material characterisation statistics.
Sample name Material CT platform
LFP LiFePO4 Xradia nanoXCT e S100 e SSRL
Table 2
Porosity and heat transfer analogy derived tortuosities of LFP sample subdivisions.
Region Porosity, ε STAR directional tortuosities
sx sy
Cube 1 0.365 2.97 2.82
Cube 2 0.399 3.09 2.37
Cube 3 0.400 3.09 2.32
Cube 4 0.414 2.78 2.25
Cube 5 0.444 2.85 1.99
Cube 6 0.438 2.39 2.17
Cube 7 0.449 2.43 1.96
Cube 8 0.484 2.29 1.76
Combined 8 cubes 0.409 2.76 2.16
Unsubdivided LFP 0.410 2.70 2.19conducted using Avizo (VSG Bordeaux), where an Edge Preserving
Smoothing Filter [35] was applied followed by grey-scale threshold
segmentation. The resulting binarised reconstruction, Fig. 2(a), was
of non-cubic geometry and for ease of manipulationwas cropped to
the largest possible cuboid volume of 900  600  600 voxels
corresponding to a total volume of w3000 mm3. Finally, a cubic
region 440 voxels across, Fig. 2(b), was selected for use in the
simulations; although this region constitutes just 9% of the original
image set by volume, it represents the largest reconstruction of an
LFP electrode known to the authors (ca. 80 vol% larger than Ender
et al. [5] at comparable voxel resolution).
3.2. CFD simulation methodology
The reconstructed, segmented tomography data was converted
from an image stack into a surface mesh (ASCII *.stl) ﬁle using Avizo
Fire and subsequently imported into the STAR-CCMþ CFD package
(CD-adapco, London). The surfaces generated in Avizo often
required some manual repair operations to be performed in STAR,
such as patching holes, to guarantee that the mesh was closed and
manifold, as a polyhedral mesh can only be generated in a well
deﬁned volume. The repaired regions generally represent less than
0.001% of the total volume and care was taken to ensure that the
repairs would not signiﬁcantly affect the porosity of the sample.
Once repaired, a cube was created which determined the control
volume to be investigated and then a Boolean subtraction operation
was used to enclose the pore space as opposed to the solid volume.
Before generating the volume mesh, it was necessary to use the
built-in remesher tool to re-tessellate the surface, as the *.stl gen-
eration in Avizo is designed for dimensional ﬁdelity rather than cell
quality, as illustrated by Fig. 3(b). The remesher tool ensures that
the aspect ratio of all the surface mesh triangles is below a speciﬁed
value, which leads to an improved quality of the ﬁnal volumemesh.
A polyhedral volume mesh was then generated using the surface
mesh as a template.
A two stage mesh reﬁnement study was conducted in order to
ensure that computationally efﬁcient and grid independent solu-
tions were obtained. This resulted in a 13% reduction in the number
of computational cells required, which signiﬁcantly reduced the
processing time required for the heat transfer simulation.
Having established optimal mesh conditions, the various sur-
faces of the volume were labelled in order to allow the appropriate
boundary conditions to be speciﬁed. To measure the heat transferEnergy/eV Voxel size/nm Imaged region dimensions/voxels
7120 20 907  1024  1024
Characteristic tortuosity, sc Anisotropy, s
sz
4.91 3.35 0.42
3.85 2.98 0.62
4.24 3.03 0.50
3.84 2.82 0.64
2.41 2.37 0.56
3.16 2.51 0.36
2.72 2.32 0.39
2.58 2.15 0.33
3.21 2.64 0.40
3.32 2.66 0.42
Fig. 5. Variation of porosity in the (a) x-, (b) y- and (c) z-directions, where one voxel
step is 20 nm.
Fig. 6. (a) Division of LFP into 8 cubic control volumes and (b) example of a resistor
network analogue for calculating the tortuosity in the x-direction as deﬁned in (a).
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plane would be assigned ﬁxed temperatures with an arbitrary
temperature difference (in this case 100 K) and all other faces were
considered adiabatic. The value of thermal conductivity set for thematerial was also arbitrary and, as such, was consistently set as
unity. Only the steady state solution was required and so the
physical continuum was deﬁned accordingly. The heat transfer
through the pore network, Qpore, was calculated at the high tem-
perature plane for convenience, although this location is arbitrary
as the heat transfer will be equal through any section normal to the
direction of ﬂow at steady state.
The simulationwas run until the residual reached an acceptably
low value (below 105), where the solution was considered to have
converged. In the context of a heat transfer simulation, the residual
refers to the degree towhich the conservation of energy equation is
satisﬁed for an iteration. This process was then repeated to calcu-
late the heat transfer in the y- and z-directions. For each of the three
measured directions, a plot could be generated, Fig. 4, which
showed the temperature distribution within the pore network,
useful for checking that the simulation was performing in line with
expectations.
4. Results & discussion
Compared to its nano-structured average particle size, the
sample of LiFePO4 was relatively large and, as such, facilitated a
detailed investigation into the validity of the isotropy and hetero-
geneity assumptions implicit in many battery models. For the
largest bounded cubic region of the sample, which constituted
around 9% of the volume of the original data set, the overall tor-
tuosity and porosity is given in Table 2.
Table 3
Geometrical tortuosity and volume speciﬁc surface area of samples measured using
Avizo Fire.
Region Porosity, ε Avizo directional
tortuosities
Volume speciﬁc
surface area, a/mm1
sx sy sz
Cube 1 0.365 1.44 1.46 1.79 6.18
Cube 2 0.399 1.59 1.42 1.65 6.71
Cube 3 0.400 1.52 1.38 1.72 6.71
Cube 4 0.414 1.51 1.36 1.62 6.90
Cube 5 0.444 1.49 1.31 1.49 6.89
Cube 6 0.438 1.40 1.33 1.59 7.04
Cube 7 0.449 1.42 1.33 1.53 7.04
Cube 8 0.484 1.41 1.27 1.52 7.23
Combined 8 cubes 0.409 1.49 1.35 1.58 6.84
Unsubdivided LFP 0.410 1.46 1.41 1.58 6.90
S.J. Cooper et al. / Journal of Power Sources 247 (2014) 1033e10391038The porosity can be calculated for each slice through the sample,
where a slice is a plane of single voxel thickness. The graphs in Fig. 5
show this planar porosity of the sample in the x-, y- and z-di-
rections, where the slices are normal to the axis along which they
are being compared.
Following the formalism set out by Kehrwald et al. [18], to
investigate the degree of anisotropy of the LFP sample, the volume
was subdivided into 8 cubic, non-overlapping regions as illustrated
by Fig. 6(a). Table 2 contains the porosity and the directional tor-
tuosities of these 8 control volumes.
The tortuosities of the eight cubes were re-combined using a
series/parallel resistor network analogue. The example resistor
network in Fig. 6(b) would be suitable for calculating the tortuosity
in the x-direction as deﬁned in Fig. 6(a). Comparing the values from
the single large LFP control volume to the combined values of the 8
smaller cubes yields an error of less than 1% for both the measured
porosity and characteristic tortuosity. These small errors in the
calculated results suggest that the combination method was valid
for the highly percolating LFP sample, the small (<0.2 vol%) dif-
ference in porosity observed is attributed to mesh smoothing
during sub-division of the main mesh.
sc ¼ 3
h
s1x þ s1y þ s1z
i1
(10)
s ¼ maxðsÞ minðsÞ
sc
(11)Fig. 7. (a) Characteristic tortuosities of the 8 cubic subdivisions of the LFP sample
against the standard Bruggeman correlations with m ¼ 1.5 (b) Comparison of CFD
tortuosity to geometrical tortuosity with a logarithmic trend line.In an attempt to compare the calculated directional tortuosities
to the Bruggeman, a quantity called the characteristic tortuosity, sc,
was deﬁned in Eq. (10). Additionally, a measure of the anisotropy, s,
was also deﬁned, Eq. (11), as the ratio of the range of the directional
tortuosity to sc. Table 2 shows the calculated values of the charac-
teristic tortuosity, sc, and degree of anisotropy, s, for all regions.
Plotting the characteristic tortuosity of each sample against the
Bruggeman correlation, as in Fig. 7(a), allows a clearer comparison
to be made than with the range of directional tortuosities
measured. However, it is concluded that the Bruggeman correlation
remains a poor predictor for tortuosity.
Avizo Fire contains an algorithm for measuring a type of geo-
metric tortuosity, which was also employed in this investigation.
This method works by ﬁrst calculating the pore-network centroid
within each slice, and then tracking its movement between each
slice. The tortuosity is subsequently calculated by dividing this
centroid motion path length by the distance from the ﬁrst slice to
the last [36]. Table 3 gives the values measured in each direction for
this geometrical tortuosity, sgeo. This table also contains values for
the volume speciﬁc surface area, a, which was calculated using the
“area3d” function in Avizo Fire.
Fig. 7(b) is a graph comparing the results for geometric tortu-
osity measured in Avizo against the values obtained in STAR using
the heat transfer analogy. The two methods appear to be quite well
correlated and a curve deﬁned by Eq. (12) ﬁts the points with an R-
Squared value of 0.91. This curve also has two major advantages
over a linear ﬁt. Firstly, it goes through the point (1,1), which is in
line with the deﬁnition of tortuosity described in Section 2 of this
work, and, secondly, the maximum possible values of sCFD are ex-
pected to be much higher than those of sgeo, which is well repre-
sented by a logarithmic ﬁt.
y ¼ 0:5ln xþ 1 (12)5. Concluding remarks
Here the steady-state heat transfer analogy has been used to
quantify the effect of tortuosity of porous electrodemicrostructures
on the resistance to diffusion through a material. The microstruc-
tural data utilized in this investigation was obtained for an LiFePO4
battery electrode using synchrotron nano-scale X-ray microscopy.
The tortuosities measured by this CFD simulation did not corre-
spond well with the widely used “Bruggeman correlation”, which is
perhaps unsurprising as the latter is based on the assumption that
tortuosity is isotropic and homogeneous throughout a material. In
order to compare the highly anisotropic pore networks observed to
S.J. Cooper et al. / Journal of Power Sources 247 (2014) 1033e1039 1039the structures described by the Bruggeman correlation, a term called
the characteristic tortuosity was deﬁned, which combined the three
directional tortuosities into a single value.
A second, simpliﬁed, measure of tortuosity based purely on the
pore geometry was also obtained from the CT volume using a slice-
by-slice pore centroid calculation implemented in Avizo Fire. A
logarithmic relationship between the geometrical and transport
tortuosities was established with reasonable conﬁdence. Notably,
the relationship between the geometrical tortuosity and the
Bruggeman prediction showed a marked correlation, which is a
rather unexpected result as the Bruggeman relationship is derived
from a transport (not geometrical perspective). It is possible that for
the porous samples studied (ε ¼ 34%e48%) the geometrical and
Bruggemann tortuosities fall within similarly limited possible
ranges and further work is underway to examine this.
Computational models of batteries and fuel cells tend to treat
tortuosity as a single scalar parameter characterising an entire
electrode. The simulations undertaken in this report demonstrate
that tortuosity is not a simple scalar quantity, but instead both
geometrical and transport tortuosities show a marked dependence
on direction. This suggests a directional (vectorial) representation
of tortuosity should be developed and an example methodology for
doing this is proposed.
Finally, all simulations were run under steady-state conditions;
as such, it can be conceived that pore structures with highly
different geometries can exhibit the same value of tortuosity e for
example the contributions to mass transport resistance from pore
twistedness and pore constriction cannot be decoupled. Whilst this
is not important for steady state scenarios, for electrochemical
mass transport limiting scenarios, where transient mass transport
must be considered, it may become important to include these
characteristics. Under such conditions it is suggested that a com-
plex analysis of mass transfer impedance (mass resistance and
mass capacitance) must be considered in order to successfully
decouple the effects of pore constriction and pore twistedness that
will impact the transient mass transfer behaviour.
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NomenclatureRoman
A: area of control volume normal to direction of heat transfer (m2)
D: intrinsic diffusivity coefﬁcient (m2 s1)
Deff: effective diffusivity coefﬁcient (m2 s1)
F: heat ﬂux (W m2)
L: length in direction of heat transfer (m)
Q: heat transfer (W)
QCV: heat transfer calculated through a control volume (W)
Qpore: heat transfer through pore network from simulation (W)
Qx/y/z: heat transfer in the x-/y-/z-direction (W)
VCV: control volume (m3)
k: thermal conductivity (W m1 K1)
m: cementation exponent
n: total number of subdivisions being combined
Greek
DT: temperature difference (K)
Dl: path length in 2D (m)
Dx: displacement in 2D (m)
ε: porosity
εi: porosity of subdivision i
s: anisotropy of tortuosity
s: tortuosity
sc: characteristic tortuosity
sCFD: tortuosity derived using CFD
sgeo: geometrical tortuosity
si: tortuosity of subdivision i
sx/y/z: tortuosity in the x-/y-/z-direction
Abbreviations
CFD: computational ﬂuid dynamics
CT: computed tomography
CV: control volume
FIB: focused ion beam
SEM: scanning electron microscope
stl: stereolithography ﬁle extension
tiff: tagged image ﬁle format
